Periodic forcing of chemical turbulence in the catalytic CO oxidation on Pt(110) can induce a period doubling cascade to chaos. Using a forcing frequency near the second harmonic of the system's natural frequency, and carefully increasing the forcing amplitude, the system successively exhibits spiral wave turbulence, resonant pattern formation, and chaotic oscillations. In the latter case, global coupling induces strong spatial correlation. Experimental results are presented as well as numerical simulations using a realistic model. Good agreement is found between experiment and theory. The results give further insight into the complex nature of reaction-diffusion systems and are of high importance regarding control strategies on such systems. The presented setup enhances the range of achievable dynamical states and allows for new experimental investigations on the dynamics of extended oscillatory systems.
Periodic forcing is a common method to synchronize nonlinear oscillators. Entrainment or frequency locking phenomena can be observed in many systems; well-known examples encompass biological, chemical, and physical systems [1] [2] [3] [4] . At low forcing amplitudes a, entrainment appears, where the forcing frequency f is a rational multiple of the oscillator's natural frequency 0 . The frequency range where entrainment is observed grows with increasing forcing amplitude, as described by the renowned Arnol'd tongues. For single oscillators, the entrainment regimes are regularly shaped at low forcing amplitude a, but may get a complex structure at stronger forcing, including period doubling, chaotic regimes, and quasiperiodic behavior [5] . In extended oscillatory systems, the forcing scenario gets even more complex [6, 7] . For chemical reaction-diffusion systems, where the system can be described as an ensemble of diffusively coupled identical oscillators, parts of the system may be in different dynamical state. This leads to a rich variety of spatiotemporal patterns [8] , where the unforced oscillation frequency might be shifted [9, 10] . A special case is chemical turbulence, diffusion-induced spatiotemporal chaos, where synchronous oscillations get unstable [11] . As a consequence, there exists no longer a well-defined natural frequency 0 , but a certain range of oscillation frequencies is observed. Resonant pattern formation in reaction-diffusion systems have been theoretically investigated covering a defined range of f and a [12] [13] [14] [15] . Experimentally, in the lightsensitive Belousov-Zhabotinsky (BZ) reaction, spiral wave oscillations could be entrained [9, 16] , while in catalytic CO oxidation on Pt(110) and electrodissolution of Ni in sulfuric acid solution periodic forcing was used to control chemical turbulence [17] [18] [19] . In both experimental systems, period doubling could be observed within some entrainment regimes [17, 20] . Furthermore, numerical simulations of CO oxidation on Pt(110) under 2:1 and 3:1 forcing, using the realistic Krischer-Eiswirth-Ertl model (KEE), predict period doubling [21, 22] . Period doubling cascades to chaos are found numerically in the single oscillator KEE model and in CO oxidation with a porous catalyst [23, 24] . But to date, no experiments have given evidence for the observed period doubling being part of a bifurcation cascade to chaotic oscillations, and neither the published numerical simulations of the extended system. In this Letter, we present the complete path of periodically forced CO oxidation on Pt(110) from chemical turbulence to entrainment, and further to chaotic oscillations via a period doubling cascade. Both experimental and theoretical results are presented for 2:1 resonant forcing, regarding periodicity, pattern formation, and spatial correlation.
Experiments are performed in an ultrahigh vacuum (UHV) chamber with a base pressure of 10 À10 mbar. The setup allows for control of the sample temperature and the partial pressures of the reaction educts, either manually or computer controlled using LABVIEW. Prior to the measurement, the Pt surface is prepared by repeated cycles of argon ion sputtering below T ¼ 470 K, oxygen treatment at T ¼ 570 K, and partial pressure of p 0 2 ¼ 10 À6 mbar, and subsequent annealing up to T ¼ 850 K. For CO oxidation, dosing of the reactants is controlled by an automated gas inlet system. The used reaction parameters are T ¼ 546 K,
À4 mbar, and carbon monoxide base pressure p CO ¼ 6:22 Â 10 À5 mbar. Adsorbate patterns were
imaged on the sample surface using a photoemission electron microscope (PEEM) [25] . The PEEM yields spatially resolved real-time images of the adsorbate-dependent local work function that can be readily translated into coverage patterns. According to the difference in work function between CO-and O-covered Pt, CO-covered areas appear bright in the PEEM image, whereas O-covered regions are dark. Periodic forcing is applied to the system by a periodic modulation of the carbon monoxide partial pressure p CO ðtÞ
The forcing is applied after full development of spiral wave turbulence. The system's temporal response is presented as the mean Fourier spectrum of 512 PEEM images (t % 25 s), obtained at 2500 evenly distributed locations on the observed surface region. The amplitudes of the Fourier coefficients are normalized to the maximum peak. The results for increasing forcing amplitudes a are given in Fig. 1 . Figure 1 (a) shows the frequency spectrum of the unforced turbulent system. The natural frequency, defined as the most prominent line, is found to be 0 ¼ ð0:59 AE 0:03Þ Hz. The forcing frequency is set to f ¼ 1:27 Hz, which is slightly higher than twice the calculated natural frequency. At weak forcing, a ¼ 0:014, the system oscillates with half of the forcing frequency; the system is frequency locked in 2:1 entrainment [see Fig. 1(b) ]. The narrowed frequency peak indicates a decreased degree of disorder compared to the unforced, turbulent state. At stronger forcing a ¼ 0:064, the system's oscillation is period doubled, indicated by the appearance of the subharmonic line ¼ f =4 and its rational multiples, given in Fig. 1(c) . Another increase of the amplitude, a ¼ 0:079, leads to a further bifurcation within the period doubling cascade. The system shows 8:1 entrainment, locking to a frequency of v ¼ f =8 [see Fig. 1(d)] . Finally, applying a slightly higher forcing amplitude of a ¼ 0:093, the oscillation is no longer entrained. The Fourier spectrum, given in Fig. 1(e) , shows the absence of the subharmonic line at f =8. Lines at f =4, f =2, and f are still present, but additional frequency components appear in the subharmonic regime. The strong peak between f =4 and f =2 might be related to 3=8 f within the frequency resolution, but the peak slightly above f =2 (determined to be at ¼ ð0:73 AE 0:03Þ Hz) cannot be assigned to a rational multiple of the forcing frequency. Therefore, we state a chaotic response of the system at sufficiently high forcing amplitude. Regarding the spatial dynamics, the entrainment of the system is accompanied by suppression of chemical turbulence and cluster formation. At weak forcing, twophase amplitude clusters are formed along with the 2:1 entrainment of the system. The cluster states are preserved during the period doubling cascade and can still be observed in the 8:1 entrained state. In Fig. 2 , the spatial amplitude and phase distribution as well as the phase portrait and the phase histogram are shown, obtained for the Fourier coefficients of f =8. Figure 2(a) shows the phase pattern, where mainly two-phase states are observed. They appear in clusters, which are separated by low amplitude boundaries, as can be seen from the amplitude pattern in Fig. 2(b) . The phase portrait, given in Fig. 2(c) , is mainly line shaped, with two accumulation points with opposite phase. The clustering into two-phase states can clearly be seen in the phase histogram, given in Fig. 2(d) .
The conservation of the two-phase cluster pattern is not self-evident. In subharmonic n:1 entrainment, up to n phase states are expected to appear in the extended system. In contrast to a pure homogeneous oscillation, where the diffusion between the surface elements vanish, phase cluster states have strong gradients at the cluster boundaries. 
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They may serve as initial locations for the creation of further phase states, for example, obtained numerically for 4:1 forcing [26] . Even in the chaotic regime, the cluster pattern is still observable, indicating that the obtained spatial synchronization is not destroyed by the loss of entrainment. Numerical simulations have been performed for comparison to the experiments. The used KEE model takes adsorption of CO and oxygen molecules, reaction rates, desorption of CO molecules, the structural phase transition of the Pt(110) surface, surface diffusion of adsorbed CO molecules, into account. Surface faceting, formation of subsurface oxygen, and the effects of internal gas-phase coupling are not considered. The state of the system is determined by uðrÞ, vðrÞ, wðrÞ, describing the surface coverage of CO, O and the fraction of the nonreconstructed 1 Â 1 surface, respectively. The time evolution of these fields are given by
A second-order finite difference scheme is taken for the spatial discretization with a grid resolution of dx ¼ 4 m. For integration, an explicit Euler scheme with a fixed time steps dt ¼ 0:001 s is used. The system size is 400 Â 400 m 2 , and no-flux boundary conditions are used. Periodic forcing is applied to the system according to Eq. (1). The initial parameters of the partial pressures are chosen such that the unforced system oscillates and exhibits spontaneously spiral wave turbulence. The model parameters are given in Table I . We have chosen the forcing frequency f ¼ 0:98 Hz to be near the second harmonic of the most prominent frequency in the extended system in fully developed turbulence ( 0;ext ¼ 0:51 Hz), rather than twice the single oscillator's natural frequency ( 0;single ¼ 0:42 Hz). The unforced system shows a peak near ¼ 0:51 Hz. Increasing the forcing amplitude, frequency locked 2:1 entrainment is obtained at a ¼ 0:0078. Period doubling to 4:1 entrainment takes place at a ¼ 0:0102. A further period doubling to 8:1 entrainment could be found at a ¼ 0:0108, leading then to chaotic oscillations, similar to the experimental results. The Fourier spectrum gets ''noisy,'' and additional lines appear. At higher forcing near a ¼ 0:06, the chaotic regime is confined by an inverse period doubling cascade to final 1:1 entrainment. See Ref. [27] for supplementary figures.
Resonant pattern formation is found for all forcing amplitudes. For 2:1 and 4:1 entrainment, two-phase cluster patterns appear, see Fig. 3(b) . In contrast to the experiments, we find phase clusters rather than amplitude clusters. Interestingly, we always find a labyrinthine pattern at 8:1 entrainment. An example is given in Fig. 3(c) . The transition between two-phase cluster states and the labyrinthine pattern is induced by phase instabilities within the cluster boundary, as mentioned before. However, transition times are longer than 300 s and might not be fully covered within the experiment. In the chaotic regime, where the oscillation is not entrained to the forcing signal, chemical turbulence continues to be suppressed. Global coupling, induced by the forcing, is assumed to lead to lowdimensional chaos, where the system is spatially correlated. We observe cluster formation similar to 4:1 entrainment [see Fig. 3(b) ] although phase fluctuation within the clusters are observed [see Fig. 3(d) ]. The spatial correlation C is determined by the cross correlation k of the dynamics at 100 evenly distributed surface locations x, averaged over their distance d 
where ¼ N=2; N=2 À 1; . . . ; N=2 and i, j ¼ 0; 1; . . . ; 99.
The results for unforced and forced spatiotemporal chaos in both the experimental and the simulated system are given in Fig. 4 . The cross correlation is normalized to the mean autocorrelation of the sample points. While the cross correlation of the forced experimental system is nearly independent on the distance, it decreases strongly with distance in the unforced turbulent state. The numerical results show the same qualitative behavior, but the difference between the two states is less pronounced. The shorter correlation length in the unforced experiment compared with the simulation can be explained by noise. On the other hand, the higher correlation of the forced experiment might be induced by stronger forcing, as the numerical result is obtained near the lower amplitude boundary of the chaotic regime.
We have demonstrated that attempts to control chemical turbulence by periodic forcing may suppress spatial turbulence, but could lead to chaotic response of the system. The path to chaos is given by a period doubling cascade, which could be experimentally followed by subsequent increase of the forcing amplitude. Numerical simulations support these findings and give further insight into the nature of catalytic CO oxidation. On one side, the presented results limit the practical use of periodic forcing in order to control chemical turbulence, as chaotic oscillations-even if turbulence is suppressed-is generally not a desired state. On the other hand, once again catalytic CO oxidation turns out to be one of the most powerful nonlinear systems, where many effects predicted by nonlinear theory can be observed experimentally and reproduced numerically. The system allows for switching between distinct spatiotemporal chaotic states by tuning an easily accessible experimental parameter. Investigation of the complex nature of reaction-diffusion systems-as this work is a part ofmay lead to improved strategies for control of extended nonlinear systems.
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